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INXRODUCTION
The Project
History
Project 23, "An Investigation of Farm Building Losses
Due to Wind and Fire," is sponsored jointly by the Iowa
Mutual Tornado Insurance Association and the Farmers Mutual
Reinsurance Association. This project was started in 1930 for
the purpose of economically eliminating a large portion of
the waste suffered by farm buildings from windstorms. These
companies believed that wind losses were due mainly to poor
construction and that most of them could easily be avoided.
This particular study is allotted to the prevention of
wind losses, only. This portion of the study has already
been divided into six sub-topics. They are:
1. Statistical study
2» Aerodynamics
3• Field observations
4» Structural analysis
Laboratory tests
6. Design
The statistical study and field observations (21)
showed that the greatest loss was due to the demolition of
-12-
bulldings and that many of these losses were apparently due to
improper construction.
The aerodynamic phase (19) has "been devoted mainly to
adapting the results of other investigators concerning the
nature and distribution of wind pressiire.
The main objective of the structiaral analysis was to
determine the roof shape which would give the greatest sta
bility tinder dead loads. Reactions and bending moments were
determined at various points on the structure.
Various types of barn rafters and joints were studied
and tested in detail in the laboratory. The results of the
laboratory tests were checked against design calculations.
These results were used as a basis for formulating new build
ing plans and recommendations*
Purpose
The purpose of this study is to combine the results of
previous investigations and to set up plans and specifi
cations for a structurally sound bent, curved barn rafter
that can be built on the job by the average farmer.
Justification of the Study
Value of farm buildingjs
The farm buildings in the United States are valued at
-13-
$10,405,085j980 (24). Iowa ranks first among the individual
states with an investiment of $794,901,864, This represents
approximately 8 per cent of the total investment of the entire
United States. If taxes and depreciation "be estimated at
6 per cent, it would require an annual outlay of over 624
million dollars in the United States to maintain the invest
ment.
Magnitude of wind losses
Giese (16) states, "The amount of farm property destroyed
annually by wind is appalling, and this loss constitutes a
heavy financial drain upon the state and nation. In many
instances the losses are due to carelessness or improper con
struction of buildings and might easily be prevented."
One of the most important factors to be considered in
the design of a barn is the imusiml way that the wind acts
upon it. Many of our farm buildings he.ve been designed with
out giving this factor due consideration.
Sylvester (22) in his bulletin, "An Investigation of
Pressures and Vacua Produced on Structures by Wind," says,
"The most important phenomenon observed in these tests is that
of the large negative pressures which are exerted upon a
building by wind. The extensive areas over which these
pressures are exerted is surprising, but the extent to which
-14-
their consideration has "been neglected is still morb stirpris-
ing» All covering material secured to a building, whether roof
or walls, should therefore be secured in place in such manner
as to withstand an outward force as great as the velocity
head of the highest wind to be expected in the locality of
the building,"
Only within recent years have the designers of farm
buildings taken into account the large negative pressiires
on the leeward side as well as the impact pressure on the
windward side* This negative pressure causes the wind to have
a lifting effect on the barn roof and observations show that
this factor is responsible for more building failures than
any other one cause.
Table I shows the amount of losses paid annually from
1930 - 1933 by the Iowa Mutual Tornado Insurance Association.
Table I, Magnitude of Wind Damage
1930 - 1933
Year Losses
1930 $ 219,846.59
1931 272,065.82
1932 149,792.16
1933 403,180.67
Total 1,044,885.24
4-year average $ 261,221.00
-15-
The results of studies made by Schweers (21) and Clark (7)
show that most of the losses suffered occurred during the
months of May, June and July as shown in Figure 1. The fact
that during these months cyclonic winds of high velocity are
quite frequent accounts for the heavy losses.
Constructional damage to farm buildings, 1930 - 1933,
amounted to an annual average loss of $199,077. This value
represents about 76 per cent of the total average annual
loss for the same period. These figures include not only
losses suffered on barns, but also the losses suffered on
other farm buildings. Figure 2 shows the number of buildings
of each type damaged and the loss suffered by each during the
four-year period.
The constructional damage to farm buildings due to wind
is shown in Figure 3. Total demolitioncf buildings amounted
to 56 per cent of the losses. Buildings out of plunib repre
sent a loss of about 14.6 per cent. Buildings blown off
foundations and roofs blown off account for approximately
13 per cent. These figures indicate that most of the losses
are due to a slighting of materials during construction.
Lack of proper bracing at the ends and movr floor reduce the
strength and rigidity of the building. Improper anchorage
allows the building to be blown from its foundation.
Observations (15) show that in many cases failure was due to
the nuts being left off the foundation anchor bolts*
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Flgiire 4 shows the farm buildings that were demolished by
wind, Of the total demolition, barns account for about 65
per cent of the loss. Although dwellings represent more than
half of the farm building investment, they account for only about
3 per cent of the number lost and only 2.5 per cent of the
monetary loss. These figures indicate that a building can
be constructed to withstand windstorms; however, due to the
added cost, it is questionable whether it wovild be economical
to build a barn absolutely wind proof#
The data in Figure 4 have been analysed to show tie
constructional (iimage to barns alone. The results of this
analysis are shown in Figure 5»
Increased use of the laminated rafter
The three most conmion types of roofs used in barns are,
(1) gable, (2) gambrel, and (3) the so-called Gothic arch.
Due to its pleasing appearance and clear mow space, the
Gothic type of roof has become Ijicreasingly popular. The
Gothic arch roof (1) has the greatest coverage capacity in
cubic feet per square foot of roof of any barn roof shape
now in use. If the construction of the Gothic arch roof can
be made to meet the requirements of strength, durability,
and initial cost, it is the most economical type in main
tenance and cost per cubic foot of mow space#
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HISTORICAL
History of the Ciirved Rafter
It is believed (12) that the curved rafter originated
in Michigan. Barns with roofs of this type were built in
Isabella County, Michigan, ' as early as 1885- There are
several townships in that county today in which there is
almost no other type of roof.
Sawed rafter
The first curved rafters were made of 2" x2" planks with
the top edge sawed to the desired curvature. Later, rafters
of greater curvature were made by using 1" boards, 8" or 10"
wide and 3* or 4* long. These boards were sawed to the
desired radius and nailed together v;ith staggered Joints to
form a laAinated rafter with the laminae perpendicular to the
roof surface. The number of laminae used depended upon the
Judgment of the carpenter who was building the structure, and,
therefore, varied quite a bit. Neither of these methods was
economical of labor and material#
Bent rafter
To avoid wastefulness and still preserve the appearance
-22-
and other features of the curved roof, experiments were made
with the bent rafter. As far as is known, the first barn
emboyding this type of construction was erected in 1892 (12),
but this method did not come into extensive use until after
1900 by which time its success was demonstrated and it largely
superseded other types in nev/ construction.
The bent rafters were first made by bending four or five
plies of l"x4" material into the arc of a circle, the joints
between the laminae being parallel to the roof surface rather
than perpendicular. Each lamination was securely nailed to
an adjacent lamination. Unless extreme care was used in
fastening the laminae together, the ridge tended to sag out
of shape.
Fenton (11) has the following to say about the bent
rafter;
"The curve of the roof may vary considerably. A common
method is to make the rafters with radius two-thirds of the
width of the barn. This makes the top of the roof rather
flat.
"In the absence of experimental data, there seems to be
two common weaknesses in these roofs, where the radius of
curvature is small and the top of the roof is rather flat.
In some cases there was a tendency to sag at the middle of
the barn The second weakness is the joint between the
bent ribs and the wall of the barn. When no tie is used other
-23-
than the toenailing of the rafters to the plate, it would seem
to be a very weak point."
"The weakness at the eaves is overcome by making the 3ibs
continuous from foundation to ridge, that is, the stud and
rafter is one continuous built up rib."
Giese and Anderson (17) state, "Investigation of such
failures has shown the cause to be, for the most part, a
slighting of bent rafters. The farmers or carpenters fail to
realize that the amount of material specified for rafter con
struction by the designer is necessary if there are to be no
intermediate roof supports."
Glue has been used extensively during the last twenty
yaars (19) in the construction of wood parts of unusual
dimensions, shapes and properties. The increased use of glue
suggested the possibility of it being used to increase the
rigidity and strength of the bent, laminated rafter. The use
of glue is specified in the more recent rafter designs. In
the prefabricated rafters made by commercial concerns, glue
is applied to the laminae and clainps hold the members in
proper shape until the glue dries. Bolts and nails are not
used. When the rafter is to be made on the job by the
carpenter, nails and bolts are usually used to hold the
laminae in place until the glue has set. Vmen the glue has
set, it takes all the horizontal shear that is developed
between adjacent laminae. The na^ils and bolts provide a
-24-
safety factor In case the glue shuuld fall.
Review of Literature
The requirements of bam framing
Service requirements. In designing a barn, certain
functional requirements are essential. These requirements are
necessary for all types of barn roofs. They may be listed as
follows:
1. Adequate space and shelter for housing animals
2. Adequate space, clear of interior obstructions, for
the storage of feed
3« Economy of labor
4. Structural sotmdness
5« Appearance
Structural requirements. In order to be structurally
sound, a barn must have strength, rigidity and stability.
Substantial sills and girders (6) anchored securely to masonry
foundations add stiffness to the structure. Good founda
tions will not counteract poor framing, neither will good
framing support sinking foundations. A barn must be designed
in such a manner that it will support the loads imposed upon
it* There are few localities which are exempt from high
winds or earthquakes; therefore, it is necessary to employ
some positive method of fastening the rafters to the wall and
-25-
floor system.
Dead loads cause very little stress in a barn or similar
structure. The main stresses are the result of the wind loads#
Due to the uncertainty of wind direction and velocityj stresses
of an indeterminate nature are set up. In order to provide for
these stresses it is important to know whether there is nega
tive pressure, positive pressure, or both over the roof area*
Economic requirements• Two of the most important factors
to be considered in any structure are economy of material
and economy of labor.
Betts (4) states;
"We have arrived at a point where the strictest economy
in every detail of structural design is essential. By
economy is meant the least material and least labor consistent
with the requirements for strength, durability, purpose,
et cetera.
"Because of ignorance of requirements, strength of
materials or engineering principles, the designers of our
existing buildin s built safely by employing considerably more
material than may have been necessary, others for the same
reason produced buildings witLch failed structurally."
The selection of the proper size barn to meet the re
quirements of the farm, the use of local material and the
use of standard dimension lumber effect an economy of
materials. By using as much unskilled labor as possible,
-26-
economy of labor Is obtained. The first cost, however, may
not always be the most important.
Cartwright (6) says, "A few extra dollars spent in secur-
ing stiffness of the structure will mean more satisfaction
durability than if spent for any other purpose."
Appearance requirements. Apperance in a bam is ex
tremely important. The additional cost for obtaining a good
appearance (I3) when distributed over the life of a bam
amounts to only a small sum. The selling value of a farm
with attractive bams will return the extra cost many times.
Roofs should be in the proper shape and proportions. The
"overhand" of the eaves should be in proportion to the rest
of the building.
The barn should be designed to meet the requirements of
the farm rather than to match the size.
Selection of barn sizes
In 1933>Barre (3) made an observation of barns and barn
plans, the results of which are shown in Figure 6. The most
coramon widths of barns as reoonimended by the United States
Department of Agriculture and the Etite Experiment Station are
32, 34- and 36 feet. In more recent years there has been quite
a demand for a 40' bam. The height of the roof Is usually
determined by the storage capacity desired. Different methods
of feed storage tend to change the storage capacity needed for
350
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barns of the same width.
Design of the barn
After determini.ng the most desirable width barns, the
designer must take into consideration the dead loads and wind
loads to which the barn will be subjected. Heretofore,
local practice has been the usual guide. The amount of material
put into a barn depended upon the judgment of the local car
penter. In some cases more material was used than was neces
sary; in others, lack of sufficient material caused failure.
Another point to be considered is the method of fabri
cating joints. Members may be designed to carry the loads,
yet the structure may fail because of the poor construction
of some of the joints.
Scholten (20) states, "Joints are a critical factor in
any structure. Wasteful practice in timber design results
when a member too large for the load it must carry is used,
merely to have room for enough spikes or bolts to assure a
safe joint For certain purposes connectors bring out
the strength of the wood more effectively than the best
nailed or bolted joint, because they distribute stresses more
uniformly over the full section of the timbers To obtain
the same strength in the most efficient bolted joint would
virtually require what has been aptly called a "Sewing to
gether' of the timbers with a large number of relatively
-29-
small bolts."
Variations in material and workmanship tend to make the
design of a bam still more indeterminate.
Wind pressure distribution
The greatest stresses in a barn are caused by wind Icais
rather than dead loads. Wind loads act in such a manner that
they cause extremely high fiber stresses at certain points in
the building. The action of wind on a structure is very
indeterminate and certain assiomptions must be used. The more
nearly these assumptions approach actual conditions, the more
nearly the structure will approach an optimum.
Theoretical analysis. The five most widely used formulae
for determining wind pressures on buildings are (1) Newton's,
(2) Rankine*s, (3) Hutton*s, (4) Duchemin*s, and (?) Smeaton's.
None of these formulae take into consideration the Mgh
negative pressures on the leeward side or the reduced pressure
on the windward side. Neither of these methods are suitable
for use in the design of a barn. The most accurate method is
to determine the wind pressure experimentally for the particu
lar barn being studied.
Sylvester (22) states, "From a study of the test the
conclusion is reached that the true distribution of wind
pressures on structures is practically beyond the reach of
theoretical analysis."
-30-
Experimental determination
The most satisfactory method for determining the wind
pressure on a building is through the use of models in wind
tunnels. Another method is by obsevation of a building in
natural winds. Both, however, have their limitations. Among
the many things which affect wind pressure distribution are
(1) shape of building, (2) the nature of the surrounding
terrain, and (3) the spped and direction of the wind. Due to
such factors as those listed above, full confidence has not
been placed in the results obtained from testing models in
wind tiinnels. The direction and velocity of the wind may
easily be controlled in a wind tunnel and an exact wind
pressure diagram may be determined. Due to the fact that
there is a limit to the size these models maybe built, the
pressure at points on the building may differ from those at the
corresponding point on the model. This is due to the
existence of "scale effect."
The use of a building in natural v^ind proves to be
unsatisfactory, because the speed and direction cannot be
controlled and are changing continuously.
Irminger (18), one of the pioneers in this field, reported
the presence of large vacua or outward pressures on portions
of the roof and leeward wall,
Costanzl (8) performed experiments on airship hangars
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whose shape was very much the same as the Gothic arch and
foimd that suction occurred not only on the leeward side but
also on the windward side from the ridge to a point about one-
fourth the distance to the ground line. Dr, Karl Arnstein (2)
made experiments which agreed closely to those of Costanzi,
Dryden and Hill (9) state, "One very important factor
retarding the advance of our knowledge of wind pressure is the
great complexity of the subject. When we consider that the
stresses due to wind pressure depend upon the form of the
structure, the size of the structure, the speed and direction
of the wind, and on the location of the surrounding structures;
when we consider the rapid fluctxiations in the speed and
direction of the wind; and when we consider that there is no
practical method by which the wind loads may be obtained from
the stresses in particular members of a complicated structure,
it is not amazing that progress has been slow,"
There are two main questions to be considered in wind
stress analysis. They are:
1, What are the maximum loads caused by wind and how
often do they occur?
2. What are the stresses in various members of the
structure due to these loads?
According to Dryden and Hill (9) there is no hope for
advance unless wind loads are studied rather than wind
stresses.
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The maximum increase in pressure on a building is equal
to 1/2 which is the kinetic energy of the wind striking
the surface. This pressure is usually termed the velocity or
impact pressiire. When an air stream blov;s against an object,
a pressure p is set up (10). This pressure consists of two
components, (1) static or barometric pressure pg, (2) the
excess pressure p - Pg due to the presence of the object in
the stream. This pressure p - Pg is caused by the wind, only,
and will be designated as p^. Wind pressure may be either
positive, negative or zero. From this it may be seen that
p, which by definition is equal to pg + p may be greater,
equal to, or less than Pg. Wind pressure Py^ may be
expressed by the equation ^ ~ Pw ~^ |VLd^ where
^ (1/2 )
py is the velocity pressure, d the air density, V the wind
speed, u the viscosity of the air and L a linear dimension
fixing the scale. This expression is applicable to geometric
ally similar bodies only. For bodies without curved sur
faces and with sharp corners pj^ is practically independent
Pv
of the wind speed and the size of the object. In other words
Pat = K or p„ = Kp,. where K = c(VLd) • K is a pure member so
long as all units are measured in the same units. If K is
fotmd for any point on the model, that value may be used for
any wind speed and any size model.
The true velocity pressure may be obtained by using the
-33-
formulae used by the U. S. Bureau of Standards (9)* The
equation is expressed as follows;
Velocity pressure in lbs,/ft, = 0.001l89(V + 22)^
TF
where V is the true speed in miles per hour.
The wind pressure distribution diagram used in this inves
tigation is shown in Figure 7« This diagram was designed by
James W. Martin (19) > and approved by Dr. Hugh L. Dryden of
the U. S. Bureau of Standards. Martin's diagram was modified
slightly in order that it might be better adapted to
certain particular situations.
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THE INVESTIGATION
The design of farm buildings presents a number of problems.
Chief among these problems is finding the design and construction
that will give maximum protection from damage by wind.
It is impossible to determine accurately the forces which
must be reisted by each and every member in a barn. There
are two main reasons for this: (1) It is impossible to de
termine the loads to which the barn will be subjected; (2) It
is impossible to determine how the different stresses will be
distributed through the joints to the different members.
The strength of nailed jointsj the most common type found in
a bam, varies with different types of wood, size and number
of nails used, and the way in which the nails are placed.
There are many other problems w::ich arise, some of which will
be discussed in detail later.
Specific Objectives
The specific objectives of this investigation are:
1. To determine optimum shape and size of the bent,
glued, laminated rafter for different width barns
2. To reduce the amoimt of material used to a minimum
and still have a rafter that is structually sound
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3. To set up simple, effective, and economic specifi
cations for the bent, glued, lamiiated rafter
4. To determine the most effective method of framing
barns embodying this type of construction
Preliminary Considerations
Glue has been used extensively in Europe in the con
struction of buildings for some time. During the last ten
years it has been used rather extensively in the construction
of farm buildings in the United States and has proved
eminently successful.
The use of glued laminated constiniction has many advan
tages (26) and also a number of disadvantages. Some of the
advantages are:
1» Large unobstructed areas may be spanned.
2. Material too small to be structxirally useful for
other purposes may be used to an advantage.
3« It makes possible the use of lower grade material
without seriously affecting the strength of the finished
product.
4. The cross sectional area of members may be changed
to eliminate material that in a member of constant cross
section contributes little to the strength and stiffness of
the member.
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Makes possible the use of fewer Joints, thus
strengthening the building.
6. Members to be used in laminated construction may be
dried in a short time, thus obtaining thoroughly seasoned
members thAt will be subject to only a minimum of warping,
twisting, and shrinkage.
Some of the disadvantages and limitations may be listed
as follows:
1. This type of construction is not applicable to a
building which must be completed within two or three weeks
after the lumber has been cut from the tree*
2» Careful manipulation during assembly is necessary
if good glue joints are to be obtained,
3. The moisture content must not exceed 20 per cent#
Internal stresses in curved members due to bending
Some designers have felt that very high internal
stresses are set up in the laminae during bending. Tests
have been made at the Forest Products laboratory (26) to
determine these stresses. They have found that the moder
ate deficiencies in strength properties of laminated members
indicate that the initial stresses have much less effect
than might be expected from a consideration of their magni
tude. The stresses set up are usually disregarded and no
reduction is made in design stresses below those used for
-38-
straight members•
The shearing strength of glue
The most common type of glue used in farm building con
struction is a casein glue. This type of glue is water
resistant and dries quickly. In 1939, Martin (19) tested
specimens of glued, laminated rafters that had been constructed
in 1931* The average shear value was found to be 419#/sq.".
Since the glue covered only about half of the surface of each
lamination and since full beam dimensions were used to obtain
the average value, Martin further states that a conservative
estimate of the actual shearing stresses would be approxi
mately 500 to 550#/sq."»
At this point it might be well to discuss the primary
reason for the use of glue in the laminated rafter. The glue
is used for the sole purpose of taking care of the horizontal
shear in the rafter. The nails used will hold the laminae
together. For these reasons it is not essential that a per
fect glue joint be obtained. A strip of glue approximately
three-fourths of an inch wide will take care of all the hori
zontal shear developed.
The shearing strength of wood
The maximum shearing strength, parallel to the grain, for
Douglas fir and yellow pine is 114Ctf/sq." and 1370#/sq.",
-39-
respectively (25)- The allowable sh'^-ar value to be used in
designing varies from 120#/sq." to l50#/sq.". Assuming tfet the
larger value, l50#/sq.", be used, a safety factor of 7.6 is
allowed for Douglas fir and 9*1 for yellow pine.
These high safety factors may be warranted in large beams
where checks are quite prevalent after the lumber has been
seasoned. These checks do not usually occur in thin members.
Since 1" material is used in the construction of laminated
rafters, it seems that these safety factors are rather high.
Previotis recommendations
In 1925 the Iowa Agricultural Experiment Station published
a circular (14) in which they recoiiimended the use of a lami
nated rafter, continuous from sill to ridge. This rafter was
vertical to a point slightly above the mow floor. By making
the rafter continous from the sill to the ridge, it was
possible to eliminate the plate Joint and thus strengthen
the structure.
Later specifications were for a rafter continuous from
the sill to the ridge with the curve starting very near the
sill Joint. This type of construction necessitated the use
of extra material to be used for studs in order that the
outer wall be vertical.
The most common types of rafters found on the market
today are curved members consisting of from 5 to 9 laminae*
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The depth is constant throughout. I'here is some question sb
to the feasibility of this.
Procedure
Using the data obtained from previous investigations, a
definite plan of procedure was set up. The different steps
may be listed as follows:
1. Determine the most common width barns.
2. Determine the most desirable radii of curvature.
3. Consider the rafters as being fixed at the mow floor
and having a constant depth throiighout.
4. Analyze these rafters for dead load and for com
bined wind and dead load to determine the bending moment,
fiber stress and horizontal shear at various points#
Use the stresses and bending moments which were
determined in step 4 as a basis for the design of a variable
depth rafter in which both the amount of material and the
magnitude of stresses will be reduced.
6. Design the rafter as a three hinged arch, to be
used only wiien the rafter starts at the mow floor.
7. Draw plans for these rafters and set up specifi
cations for their construction.
8. Show how bams embodying this type of construction
should be framed.
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Slze of barns to be used
As has been stated previously, the 3^* bam and the 36*
barn are the ones most commonly found in Iowa* The 40* barn
is gaining rapidly in popularity. These are the three widths
of barns to be used in this investigation.
Selection of desirable radii of curvature
Before arriving at any definite radius of curvature,
there are a number of points to be considered. Some of
these points are:
1« To select a bam shape which is structurally sound
2, To select a bam shape which will give the desired
storage capacity
3» To select a barn shape which will have a pleasing
appearance
Theoretically, the catenary or natural arch is the most
desirable shape for a curved roof barn; however, such a design
is not very practical for a number of reasons. First, the
roof is almost flat .at the ridge; therefore, it is hard to
make the roof watertight at this point. Second, since the
roof is almost flat at the ridge, quite a bit of mow area
is lost if a hay fork is used* Third, the catenary is very
hard for an inexperienced person to lay out. By using a
rafter made on the shape of an arc of a circle, it is pos
sible to get one which will approach very nearly the shape of
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a catenary.
The storage capacity of a barn is largely dependent upon
the shape of the rafter. By varying the radius of curvatuB,
the storage capacity may be either increased or decreased. In
selecting the radius of curvature and in locating the center
of the arcs, the apperance of the structure should be kept in
mind.
Since the three different width barns had already been
chosen, a number of barn shapes were drawn up. Different
radii were used with the centers of the arcs located at
different points. The approximate storage capacity of each
was checked. Those having the most pleasing appearance were
checked to see if they were structurally sound.
The rafters finally selected for this investigation are
bent, glued, and laminated. They are continuous from the sill
to the ridge. The laminae are vertical the first four feet
above the sill line, and the centers of the arcs are located
along this line. The radius varies with the different width
barns. By locating the centers in t} is manner, the curve of
the rafter beins approximately three feet below the mow floor.
The curvature is not very great at this point; there-fore
the internal stresses due to bending are small. By making the
rafter vertical for the first four feet, vertical sidnng
may be used without the addition of studs. This effects
a saving of material#
-4-3-
S^ress analysis of "^4-' barn as a fixed end arch
Test (23) has the following to say about the analysis of
the Gothic arch rafter:
"These rafters are intended to extend from the sill to
the ridge and to be connected to the joist with a suitable
connection,
"Analysis of the internal stresses in this type of
rafter is somewhat involved, but it may be expected that the
maximtini bending moment will occur at the plate joint, since
the action of the rafter is similar to that of a cantilever
beam, although it is not fixed at that point. Assuming that
the bending moment is a maximum at the plate joint xander the
action of wind loads, then it would seem feasible to decrease
the depth 'of the rafter at the ridge where the external
bending moment is less."
Ko attempt was made to analyse a rafter of this type;
however, tests were made of such a rafter by Test (23) and
proved to be satisfactory.
In 1939, Martin (19) analysed a rafter with fixed ends;
however, the depth was constant throughout. He makes the
following statement concerning his analysis: "The principal
assumptions used in this analysis are: (1) rafters are
securely fastened at the mow floor and at the sill; (20 no
horizontal or vertical displacement occurs at either point.
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These conditions provide rigid support at the mow floor. This
rigid support ean be maintained if sufficient bracing is
supplied to the end of the barn."
Another factor which has a tendency to help fix the aids
of the rafters is the support offered by the mow floor. It
acts as a simple beam and carries the stresses to the ends of
the barn. Since the strength of a simple beam varies as the
square of the depth, the stresses will be small and may be
carried safely.
When the condition of rigid support is obtained, the
arch may be analyzed by applying the Elastic Curved Beam
Theory. The method used is that outlined by Caughey (5) in
his text, "Reinforced Concrete."
In the case of an elastic arch, there are three unknowns
to be obtained; they are moment, thrust, and shear. When the
value of these unknowns has been obtained at the ridge, bend
ing moments, shears, and stresses may be found for any point
on the arch. In order to solve for these three unknowns, we
must have three equations which may be solved simultaneously.
Since the joint at the ridge of a lamimted rafter is not
sufficiently rigid to transmit bending moment, one unknown is
eliminated.
A detailed discussion of the method used in analyzing the
34' barn will be given. To properly understand this dis
cussion, it will be necessary to make frequent reference to
-45-
Figtire 8.
Dead load stress analysis* The dead loads used in this
investigation were ?#/sq.* for the sheathing and galvanized
roofing. The weight of the rafter was detemined by using
4Ctf/cu.ft. as the weight of wood.
An arch of constant depth was plotted. This arch was
divided into two units, (1) the left half of the arch, and (2)
the right half of the arch. Each half of the arch was
divided into ten equal sections. The length of these
sections was designated hy the letter s as shown in Table II.
Numbers were placed at the centers of each section and
these points were plotted as the points of application of
dead loads. Point C, at the ridge, was chosen as the origin,
and the direction of the reaction components at this point
were assvimed. The horizontal distance x and the vertical
distance y were measured and moments about each point were
set up as shown in Table II. Since only dead loads were
being used in this case, the loading on each half was
symmetrical, there was no shear at the crown, and it was
necessary to use only one-half of the arch to determine the
thrust at point C.
The displacement at point C may be expressed in terms of
Ax and Ay. Ax of the left half = VMiZ- Ax of the right half
ZiEI
= VMsy. Ax of the left half +Ax of the right half = 0.
ZiEI
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Ay of the left half =VMsx. Ay of right half =^182.
Am ^EI
Ay of left half - Ay of right half = 0.
When dead loads only were used, there was no movement in
the X direction, and it was necessary to use only one-half of
the arch. The general equation used wa^Mys = 0. The moment
Zei
of inertia, I, the distance, s, and the modulus of elasticity,
E, remained constant throughout; they were eliminated andltie
final equation used was^My = 0.
After the tt^st at point C had been determined, bending
moments were calculated algebraically at each of the ten
points along the rafter and also at point A. A summary of
the bending moments, sh'-ars, and stresses is shown in Table
III. It is interesting to n4)te that the stresses in the
members due to dead loads are very slight.
Combined wind and dead load stress analysis^ constant
depth rafter. The next step in the analysis was to determine
the wind pressure coefficient for each of the sections on the
arch. These coefficients were taken from the diagram in
Figure 7* The wind load on each section was found and com
bined with the dead load to get the resultant load. The
values for the v/ind pressure coefficient, and for the
resultant of the wind and dead loads are shown in Table IV.
The thrust and shear at point C were found in almost
the same manner as previously described. The changes are
listed below5
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1. It was necessary to use both the right and left
half of the arch,
2. Since there was movement in both the x and y
direction, it was necessary to use both the equation
^My + ^J/iy = 0, and - ^iflx =6. The procedure is shown
in detail in Table V. Figure 9 represents a graphic pre
sentation of the results. A summary of the bending moments,
shears, and stresses at the various points are showin in Table
VI,
Combined wind and d_ead load stress analysis, variable
rafter. The purpose ii- analyzing a rafter of variable
depth was to determine where, if possible, the depth of the
arch could be decreased. Before designing an arch of this
type, it is necessary to know or assume a definite cross
section. The cross sectional area was very closely approxi
mated by substituting the value of moments found in the
analysis of the constant depth rafter in the equation
The breadth, b, and the moment, M(in inch lbs.),
D *
were known. By selecting a vlue of 3000#/sq," for the fiber
stress, the depth d was readily found.
At this point it appears necessary to validate the use
of a working stress of 3000#/sq." for the wood.
Betts (4) makes the following statement: "Common engineer
ing practice provides for a large factor of safety - to what
extent may this be modified? Considering the fact that
-48-
^able II. Application of Elastic Ciirved Beam Theory to
Gothic Arch Rafter. Rafter Under Dead Loads.
34* Barn, 28* Radius
Fixed Ends
Point X
1
t y s Moment qSMT
1 16.5 21.78 3.0 21.78 H - 2293.14- 474.37 H - 49,944.59
2 15.9 18.85 3.0 18.85 H - 2090.64 355.32 H - 39,408.564
3 15.00 16.00 3.0 16.00 H - 1820.64 256.00 H - 29,130.24
4 13.75 13.20 3.0 13.20 H - 1492.52 174.24 H - 19,701.26
5 12.30 1C.12 3.0 10.12 H - 1166.26 102.41 H - 11,802.55
6 10.55 8.20 3.0 8.20 H - 838.14 67.24 H - 6,872.75
7 8.50 5.95 3.0 5.95 H - 530.63 35.40 H - 3,157.25
8 6.30 4.00 3.0 4.00 H - 283.13 16.00 H - 1,132.52
9 3.80 2.20 3.0 2.20 H - 95.62 4.84 H - 210.36
10 1.25 .80 3.0 .80 H .80 H
1486.62 H = 161,360.08
H = 108.54#
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Table IV. Wind Load Data
Wind Loads
34-' Barn, 28* Radius
Pressure per sq. :Area of Total Resultant
Coeffi ft. at velocity :section pressure dead + wind
Point cient of 70 M.P.H. :sa.ft. # #
1 1.000 12.55 6.00 75.3 88
2 1.000 12.55 6.00 75.3 92
3 .931 . 12.55 6.00 70.10 91
4 .785 12.55 6.00 59.11 84
5 .430 12.55 6.00 32.37 63
6 - .300* 12.55 6.00 22.59 30
7 - .845 12.55 6.00 63.62 46
8 -1.435 12.55 6.00 108.05 82
9 -1.685 12.55 6.00 126.88 97
10 -1.770 12.55 6.00 133.28 101
11
12
13
14
15
16
17
18
19
20
-1.770
-1.675
-1.331
-1.065
-1.000
-1.000
-1.000
-1.000
-1.000
1-1.000
12.55
12.55
12.55
12.55
12.55
12.55
12.55
12.55
12.55
12.55
♦ Negative sign denotes suction.
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
133.28
126.12
100.22
880.19
75.3
75.3
75.3
75.3
75.3
75.3
101
96
76
60
58
63
66
70
75
79
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Table V, Application of Elastic Curved Beam Theory to
Gothic Arch Rafter. Rafter Under Combined
V/ind and Dead Load.
34' Barn, 28* Radius
Fixed Ends - Constant Depth
Point
• ft
• •
:x ft.:v ft. s ft.
•
*
•
• Moment
1
• #
:16.50:21.78 3.0
•
: 16.50 V + 21.78 H + 5344.8
2 :15.90:18.85 3.0 : 15.90 V + 18.85 H + 5269.3
3 :15.00:16.00 3.0 : 15.00 V + 16.00 H + 4992.4
4 513.75:13.20 3.0 : 13.75 V + 13.20 H + 4371.5
5 :12.30:10.12 3.0 : 12.30 V + 10.12 H + 3600.9
6 :10.55: 8.20 3.0 : 10.55 V + 8.20 H + 2658.5
7 : 8.50: 5.95 3.0 : 8.50 V + 5.95 H + 1709.0
8 s 6.30: 4.00 3.0 : 6.30 V + 4.00 H + 886.9
9 : 3.80: 2.20 3.0 : 3.80 V + 2.20 H + 292.9
10 : 1.25: .80 3.0 : 1.25 V + .80 H
11 : 1.25: .80 3.0 :- 1.25 V + .80 H
12 : 3.80: 2.20 3.0 :- 3.80 V + 2.20 H + 282.8
13 : 6.30: 4.00 3.0 6.30 V + 4.00 H + 873.8
14 : 8.50: 5.95 3.0 8.50 V 5.95 H + 1667.5
15 ;10.55: 8.20 3.0 :-10.55 V + 8.20 H + 2662.1
16 :12.30:10.12 3.0 :-12.30 V + 10.12 H + 3801.6
17 :13.75:13.20 3.0 :-13.75 V + 13.20 H + 5057.9
18 ;15.00:16.00 3.0 :-15.00 V + 16.00 H + 6545.0
19 :15.90:18.85 3.0 :-15.90 V + 18.85 H + 8162.0
20 :16.50:21.78
# ft
• «
3.0 :-l6.50
•
V + 21.78 H + 9932.6
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Table V, (Cont.)
34' Barn, 28* Radius
Fixed Ends - Constant Depth
1 + 20 (43.56 H + 15277.40) 21.78
2 + 19 (37.70 H + 13431.30) 18.85
3 + 18 (32.00 H + 11538.00) 16.
4 + 17 (26.40 H + 9429.4 ) 13.2
5 + 16 (20.24 H + 7402.5 ) 10.12
6 + 15 (16.4 H + 5320.6 ) 8.2
7 + 14 (11.90 H + 3376.5 ) 5.95
8 + 13 ( 8.00 H + 1760.7 j 4.0
9 + 12 ( 4.4 H + 575.7 ) 2.2
3D + 11 ( 1.6 H )
1 20 948.73 H + 332741.77
2 + 19 710.64 E + 253180.00
3 + 18 512.00 H + 184608.00
4 + 17 348.48 H + 124468.08
5 + 16 204.82 H + 74913.30
6 + 15 134.48 H + 43628.92
7 + 14 70.80 H + 20090.17
8 + 13 32.00 H + 7042.80
9 + 12 9.68 H + 1266.54
10 11 1.28 H
2962.91 H + 1041939.58 = 0
H = - 351.66#
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Table V. (Cont,)
34-' Barn, 28' Eadlias
Fixed Ends - Constant Depth
Point c.^Mx (left half) (rieht half)=
1 + 20 (33.00 V 4587.8) 16.50
2 + 19 (31.80 V - 2892.7) 15.90
3 + 18 (30.00 V — 1553.2) 15.00
4 + 17 (27.50 V - 686.4) 13.75
5 + 16 (24.60 V — 200.7) 12.30
6 + 15 (21.10 V 3.6) 10.55
7 + 14 (17.00 V - 41.5) 8.50
8 + 13 (12.60 V 13.10) 6.30
9 + 12 ( 7.6 V + 10.1) 3.80
X) + 11 ( 2.5 V) 1.25
1 + 20 544.5 V 75698.70
2 + 19 505.62 V - 45993.93
3 + 18 450.00 V 23298.00
4 + 378.12 V — 9438.00
5 + 16 302.58 V - 2468.61
6 + 15 222.60 V • 37.98
7 + 14 144.50 V 352.75
8 + 13 79.38 V + 32.53
9 + 12 28.88 V + 38.38
10 + 11 4.43 V
2660.61 V - 15646.15 = 0
V = 58.80#
T
ab
le
V
I,
Su
m
m
ar
y
o
f
M
om
en
ts
,
S
h
ea
rs
,
an
d
S
tr
e
ss
e
s.
R
a
ft
e
r
U
n
d
e
r
C
o
m
b
in
e
d
W
in
d
a
n
d
D
e
a
d
L
o
a
d
.
3
4
'
B
a
rn
,
2
8
'
R
a
d
iu
s
F
ix
e
d
E
n
d
s
-
C
o
n
st
a
n
t
D
e
p
th
E
c
c
e
n
T
h
r
u
s
t
tr
ic
it
y
P
o
i
n
t
#
f
t
,
A
3
8
6
4
.9
4
1
3
0
9
4
.3
4
2
2
4
3
1
.7
4
3
2
0
8
1
.1
8
4
2
1
8
2
.4
6
5
2
5
7
2
.9
7
6
2
8
7
1
.3
7
7
3
0
0
.3
8
8
3
0
6
.4
8
9
3
2
3
-7
9
1
0
3
5
5
.5
8
1
1
3
5
5
.9
9
1
2
2
9
2
2
.4
4
1
3
2
4
2
3
.7
3
1
4
2
0
7
4
.4
6
1
5
1
8
3
4
.6
0
1
6
1
6
5
2
.9
1
1
7
1
6
3
2
.4
0
1
8
1
7
8
.2
0
1
9
2
1
0
2
.8
4
2
0
2
5
6
5
.0
9
B
1
3
4
6
.0
8
M
o
m
e
n
t
f
t
.
l
b
s
.
-1
9
1
0
.3
3
-1
3
4
4
.1
-
4
2
4
.5
7
2
4
7
.4
4
5
3
8
.0
9
7
6
5
.5
5
3
9
5
.2
3
1
1
6
.4
3
-
1
4
9
.3
-
2
5
7
.3
1
-
2
0
7
.8
2
-3
5
4
.8
2
-
7
1
4
.2
9
-
9
0
3
.2
s
-
9
2
3
.9
5
-
8
4
1
.8
5
-
1
8
0
.3
4
-
3
9
2
.5
+
3
7
.0
4
+
5
9
8
.2
9
+
1
3
0
3
.3
+
1
9
1
1
.8
1
B
e
n
d
in
g
f
i
b
e
r
s
t
r
e
s
s
#
/s
q
.i
n
.
2
5
9
0
.4
0
1
8
2
2
.5
9
5
7
5
.7
1
3
3
5
.5
2
7
2
9
.6
5
1
0
3
7
.9
3
5
3
5
.9
3
1
5
7
.8
7
2
0
2
.4
5
3
4
8
.9
1
2
8
1
.8
0
4
8
1
.1
3
9
6
8
.5
7
1
2
2
4
.8
4
1
2
5
2
.8
7
1
1
4
1
.5
4
6
5
1
.3
4
5
3
2
.2
3
5
0
.2
2
8
1
1
.2
8
1
7
6
7
.2
7
2
5
9
2
.4
1
V
e
r
t
i
c
a
l
s
h
e
a
r
#
3
8
5
3
0
6
2
2
0
1
6
6
1
7
6
0
8
0
7
3
2
5
4
3
1
1
7
2
2
7
1
3
6
6
7
3
5
1
7
4
2
8
7
1
3
5
IS
O
2
3
9
3
0
5
H
o
r
iz
o
n
t
a
l
s
h
e
a
r
#
/s
Q
,i
n
,
6
0
.0
6
4
7
.7
3
3
4
.3
2
2
5
.8
9
3
-6
5
9
.3
6
1
2
.4
8
1
1
.3
8
3
.9
0
6
.7
0
1
8
.2
5
3
5
.4
1
2
1
.2
1
1
0
.4
5
5
.4
6
2
.6
5
6
.5
5
1
3
.5
7
2
1
.0
6
2
8
.0
8
3
7
.2
8
4
7
.5
8
D
i
r
e
c
t
s
t
r
e
s
s
-
i 3
2
4
5
1
0
7
1
2
5
2
1
7
2
5
0
2
7
6
2
9
0
3
0
5
3
2
0
3
3
5
2
7
3
2
6
0
2
3
2
2
0
5
1
8
0
1
6
1
1
2
8
1
1
7
1
0
6
9
5
7
7
D
i
r
e
c
t
f
i
b
e
r
s
t
r
e
s
s
#
/s
q
.i
n
,
3
.3
2
4
.6
7
1
1
.1
1
1
2
.9
8
2
2
.5
4
2
5
.9
7
2
8
.6
7
3
0
.1
2
3
1
.6
8
3
3
.2
4
3
4
.8
0
2
8
.3
6
2
7
.0
1
2
4
.1
0
2
1
.2
9
1
8
.7
0
1
6
.7
2
1
3
.2
9
1
2
.1
5
1
1
.0
1
9
.8
7
8
.0
0
N
o
.
la
m
i
n
a
e
7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
V
JI
V
JI
A
S
S
L
-
M
E
D
D
lW
K
C
T
;O
N
K
E
.«
C
T
|.
1
N
C
O
K
I
F
V
N
E
t-
J
T
S
A
T
E
^
D
S
C
M
O
W
S
v
;o
:e
I-
P
.i
'-
iO
J
s
e
Q
U
iL
ia
R
iu
h
t
P
O
U
V
G
d
N
T
-T
fU
'i
m
a
e
c
-T
iO
N
c
a
r
r
t
»
»
»
I9
1
0
•«•
.
It
o
.
1
9
1
2
n
i
b
e
B
E
H
D
lM
a
M
O
M
E
N
T
D
lA
aE
A
S
-
C
O
M
B
iN
E
S
>
W
IN
D
*
D
K
A
D
L
O
A
D
S
F
M
D
3
2
*
;t
a
a
aO
W
C
U
L
T
L
R
A
*.
E
N
Q
N
E
tW
W
&
S
C
C
T
IQ
M
C
^
A
S
T
A
T
E
C
O
L
c
C
C
C
A
M
f
S
lO
w
a
A
N
A
L
V
X
e
o
r
C
O
T
H
IC
A
R
C
H
a
A
M
N
R
O
O
^
M
k
O
jC
C
T
>
1
F
ig
u
re
9»
C
o
m
b
in
ed
W
in
d
an
d
D
ea
d
L
oa
d
S
tr
e
s
s
A
n
a
ly
si
s.
C
o
n
st
a
n
t
D
ep
th
R
a
ft
e
r
E
x
te
n
d
in
g
fr
om
S
il
l
to
R
id
g
e.
0 1
-57-
fallure of a farm building involves less chance of life or
community property loss, a lower factor of safety may be
entirely warranted."
The modulus of rupture for southern yellow pine is
12,800#/sq." (25) and for Douglas fir this value is
ll,700#/sq.". If 3000"/sq." be used, there is still a safety
factor of 4.26 for yellow pine and 3*9 for Douglas fir;
therefore, it seems that 3000#/sq." is a reasonable value.
The fact that the laminae are so thin that very little
checking occurs in seasoning would also tend to bear this
out.
Having determined an approximate depth at the points
where the moments were greatest, a temporar^^ design was set
up. Since the moment of inertia varied from point to point
on this rafter, it was necessary to add this term in the
equations which were used for the constant depth rafter.
Table VII shows the entire procedure. The results are pre
sented graphically in Figure 10. A sujiimary of the moments,
shears and stresses is shown in Table VIII.
Results and conclusions. The maximuin fiber stress
obtained when using a constant depth rafter of seven laminae
was 2592#/sq.". Although this value is much less than
300C^/sq.", it was felt that this stress could be reduced and
still effect a saving of material. In order to do this, a
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Table VII. (Cont.)
34-* Barn, 28* Radius
Fixed Ends - Variable Depth
Mxs
I
(left half) -^VMxs' (right half) = 0
p3.o V
(31.8 V
(30.0 V
(27.5 V
(24.6 V
(21,1 V
(17.0 V
(12.6 V
( 7.6 V
( 2.5 V
4587.8)
2892.7)
1553.2)
686.4)
200.7)
3.6)
41.5)
13.1)
10.1)
16.5 X
15.9 X
15. X
13.75x
12.3 X
10.55x
8.5 X
6.3 X
3.8 X
1785.71
2752.29
4184.1
7352.94
7352.94
7352.94
7352.94
7352.94
7352.94
972318.93 V
1391612.83 V
1882845.00 V
2780330.30 V
2224852.53 V
1636801.06 V
1062499.83 V
583676.35 V
212352.89 V
22977.92 V
135175902.63
126588630.70
97481161.80
69397044.28
18151540.80
279264.63
2593749.58
606838.11
282205.81
12770 V - 443592.00 = 0
V = 34.73#
Point 1
1
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3
4
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9
10
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Table VII. (Cont.)
34' Barn, 28' Radius
Fixed Ends - Variable Depth
/C I
(43.56 H
(37.7 H
(32.00 H
(26.40 H
(20.24 H
(16.40 H
(11.90 H
( 8.00 H
( 4.40 H
(1.60 H )
(left half) hvs (right half) = 0
^ I
15277.4)
13431.3)
11538. j
9429.4)
7402.5)
5337. )
3376.5)
1760.7)
575.7)
21.78
18.85
16.00
13.20
10.12
8.2
5.95
4.00 X
2.2 X
.8 X
1694168.62 H +
1955900.88 H +
2142259.20 H +
2562352.32 H +
1606093.82 H +
988823.24 H +
520624.88 H +
235294.08 H +
71176.42 H +
9411.76 H
594180251.62
696824708.65
772418332.80
915206248.72
550832979.37
321789611.70
147721841.23
51785285.83
9312788.02
11685 H + 4060072 = 0
H = 347.46#
1785.71
2752.29
4184.1
7352.94
7352.94
7352.94
7352.94
7352.94
7352.94
7352.94
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variable depth rafter was used. The raaximuin fiber stress
obtained under this condition was 24-28#/sq-"» It will be
noted from the results of Table VIII that the bending moments
at the points of maximum fiber stress were increased over that
shown in Table VI; however, this was provided for by in
creasing the cross sectional area at these points. A detail
plan of this rafter is designated as "C" in Figure 20.
The horizontal component of the wind load on the roof
was approximately 70C^. It may be assumed that each sill
joint must withstand half of this or 35*^* ^n addition to
this, each joint must withstand the wind loads on the wall.
The wind load on the wall is approximately 15C^; therefore,
the joint must be able to withstand a horizontal force of
500## Using a sill joint as recommended and tested by
Martin (19), a factor of safety of at least three may be
obtained. The details of this joint are shovm in Figure 22.
In addition to the horizontal stresses, the windward
sill joint must withstand a lifting force of 80# and the
leev/ard joint must withstand a compressive stress of 12C#.
The usual toenailed joint using four l6d nails driven into
a sill composed of two 2" x 6" members is capable of safely
resisting a pull of 45Ctf (25). This allov/s a factor of
safety of about 5.5 for a 70 K.P.H.wind.
Horizontal shear is not usually a determining factor in
the design of a long beam; however, the horizontal shear
-64-
values at the neutral axis have been calcvilated for each of
the numbered points on the arch. The maximum value obtained
for fixed end construction was 6(^/sq«" (see Table VI).
The allowable value varies from 120#/sq." to l5C#/sq.". The
equation used in determing the horizontal shear values was
Sh = 22, where Sh is the horizontal shear, V is the vertical
It
shear, Q is the moment of the area about the neutral axis,
I is the moment of inertia, and t is the thickness at the
neutral axis.
As stated previously, the ridges of some of the earlier
barns, in which only nails and bolts were used, had a tendency
to sag. By using the number of nails and bolts specified,
the maximum amount of horizontal shear that could be safely
resisted was approximately 7#/sq.". This value was obtained
by using the formula P = 1,375 D where P is the lateral
load per nail, 1,375 a constant and D is the diameter of the
nail in inches. The horizontal shear developed under dead
loads in tl-,is rafter was approximately 25#/sq.". This
explains why sagging took place.
The conventional rafter consisting of seven laminae
contains about 43 board feet of lumber. A rafter of the type
shown in Figure 20 contlnas about 37 board feet. A saving of
about 8 per cent of lumber is obtained by using this type.
-65-
Analysis of "^4* barn as a three hinged arch
Procedure, When the first story walls of a barn are of
masonry construction, it is necessary for the rafters to
start at the mow floor. Under thes conditions it is almost
Impossible to get rigid construction. For this reason rafters
of this type have been analyzed and designed as a three hinged
arch. An arch of this type is statically deterainate and the
reactions can be easily determined. After determining the
reactions the bending moments, shears and stresses were found
at each point on the arc. All bending moments were calculated
algebraically. Knowing the maximum bending moment, the depth
of the rafter necessary to take care of the load could be
determined in the same manner as previously discussed. A
summary of the bending moments, shears, and stresses is
shown in Table IX. Figure 11 shows these results graphically.
Comparing the values in Table IX with those in Tables VI and
VIII, it is evident that a rafter of greater depth must be
used. It is also interesting to note the difference in
the appearance of the bending moment diagrams wi ich are shown
in Figures 10 and 11,
Results and conclusions. The maximum bending moment
occurred at a point approximately 15 feet above the mow floor
on the windward side and decreased to zero at each end. The
plate ;joint, A, as shown in Figure 11 must resist a vertical
T
ab
le
IX
.
Su
m
iti
ar
y
o
f
M
om
en
ts
,
S
h
ea
rs
,
an
d
S
tr
e
ss
e
s.
R
a
ft
e
r
U
nd
er
C
om
bi
ne
d
W
in
d
an
d
D
ea
d
L
oa
ds
.
H
in
ge
d
a
t
M
ow
F
lo
o
r
3
4
'
B
a
rn
,
2
8
'
R
a
d
iu
s
H
in
g
e
d
E
n
d
s
P
o
i
n
t
T
h
r
u
s
t
#
E
c
c
e
n
tr
ic
it
y
f
t
.
A
3
8
?
0
1
3
2
7
1
.9
1
2
2
9
0
5
.0
4
3
2
8
7
7
.0
3
4-
3
2
0
6
.7
3
5
3
6
5
6
.0
4
6
3
9
3
4
.1
4
7
4
0
0
2
.7
6
8
3
9
0
1
.4
9
9
3
8
3
.4
7
1
0
3
8
7
.1
6
1
1
3
8
7
1
.2
7
1
2
3
0
0
3
.7
8
1
3
2
3
0
6
.9
4
1
4
1
5
4
1
2
.0
7
1
5
1
0
7
1
8
.6
7
1
6
63
2
8
.9
7
1
7
5
4
3
4
.9
5
1
8
1
0
0
1
5
.8
6
1
9
1
6
2
6
.8
7
2
0
2
2
7
2
.0
3
B
3
0
4
0
M
o
m
e
n
t
f
t
.
l
b
s
.
0
+
6
2
5
+
1
4
6
3
.1
5
+
2
0
2
0
.4
+
2
1
5
6
.1
+
2
2
0
4
.8
6
+
1
6
2
7
.7
+
1
1
0
6
.3
5
+
5
8
2
.5
+
1
8
3
.1
-
6
2
.6
0
-4
9
2
.6
-1
1
3
4
.2
-1
5
9
7
.8
0
-1
8
5
9
.1
5
-1
9
9
7
.9
-1
8
2
5
.6
4
-1
8
8
7
.5
0
-1
5
8
6
.4
0
-1
1
1
3
.7
5
-
4
6
3
.0
6
0
B
e
n
d
in
g
f
i
b
e
r
s
t
r
e
s
s
#
/s
a
.l
n
.
0
6
5
6
.2
5
1
5
3
6
.3
0
2
1
2
1
.4
2
2
2
6
3
.9
0
2
3
1
5
.1
1
7
0
9
.0
8
1
1
6
1
.6
6
6
1
1
.6
2
1
9
2
.2
5
6
5
.7
3
5
1
2
.2
3
1
1
9
0
.9
1
1
6
7
7
.6
9
1
9
5
2
.1
1
2
0
9
7
.7
9
1
9
1
6
.9
2
1
9
8
1
.8
7
1
6
6
5
.7
2
1
1
6
9
.4
3
4
8
6
.2
1
0
v
e
r
H
o
r
iz
o
n
D
i
r
e
c
t
t
i
c
a
l
t
a
l
D
ir
e
c
t
f
i
b
e
r
N
o
.
s
h
e
a
r
s
h
e
a
r
s
t
r
e
s
s
s
t
r
e
s
s
la
m
i
#
#
/s
a
.i
n
.
#
#
/
s
a
.i
n
.
n
a
e
3
7
2
5
0
.9
6
1
0
0
9
.1
4
8
2
8
4
3
8
.9
0
1
5
8
1
4
.4
5
8
1
8
3
2
5
.0
7
2
2
5
2
0
.5
8
8
7
8
1
0
.6
8
2
7
6
2
5
.2
5
8
2
8
3
.8
3
3
1
6
2
8
.9
1
8
1
1
5
1
5
.7
5
3
4
6
3
1
.6
5
8
1
5
5
2
1
.2
3
3
6
1
3
3
.0
2
8
1
5
3
2
0
.9
6
3
7
0
3
3
.8
5
8
1
1
4
1
5
.6
1
3
6
4
3
3
.3
1
8
5
7
7
.8
0
3
7
9
3
4
.6
7
8
5
.6
8
3
8
4
3
5
.1
3
8
3
0
9
4
2
.3
3
2
3
3
2
1
.3
1
8
2
2
8
3
1
.2
3
1
9
3
1
7
.6
5
8
1
5
4
2
1
.0
9
1
5
7
1
4
.3
6
8
9
5
1
3
.0
1
1
2
1
1
1
.0
7
8
5
1
6
.9
8
9
3
8
.5
0
8
9
1
.2
3
6
3
5
.7
6
8
4
0
5
.4
8
3
5
3
.2
0
8
9
5
1
3
.0
1
1
2
1
.0
9
8
1
5
7
2
1
.5
0
8
-7
3
8
2
2
6
3
0
.9
6
1
9
1
.7
3
8
3
0
0
4
1
.1
0
4
0
3
.6
5
8
I O
v
O
s
t
H
I
n
o
a
d
i
9
9
e
r
t
ib
«
e
a
o
s
f
f
it
n
.
B
C
S
iO
IN
G
M
O
M
E
N
T
D
tA
G
I£
A
M
C
O
M
B
IN
E
D
W
IN
D
4
D
E
A
D
U
3
A
D
S
k.
-P
.
H
ln
q
«
d
n
in
q
sd
V
ft
C
Q
U
IL
IB
R
iM
P
D
L
V
G
O
N
P
D
H
C
C
P
O
L
Y
G
O
N
E
&
=
3
0
4
K
b
-3
0
4
"
M
A
-
3
a
o
"
{
V
.M
b
-3
0
3
*
m
^,
V
b
-2
5
"
V
b
'
V
a
-
s
s
-
R
K
A
C
T
IO
N
C
O
V
P
O
N
E
N
X
a
A
C
R
IC
U
LT
U
R
M
.
£N
C
M
E
E
J»
C
SE
C
TC
M
to
rn
S
T
A
T
E
<•<
•»
Ie
r
f
M
c
s
o
m
A
W
O
V
S
O
F
G
O
T
M
C
A
R
C
H
B
M
N
R
O
O
T
—
*
0
«
m
«
i
j
«
F
ig
ur
e
11
,
C
om
bi
ne
d
W
in
d
an
d
D
ea
d
Lo
ad
S
tr
es
s
A
na
ly
si
s.
C
o
n
st
an
t
D
ep
th
R
a
ft
e
r
H
in
ge
d
a
t
M
ow
F
lo
o
r.
I
-<
l
I
-68-
lifting force of 62#. Joint B raust resist a compressive
stress of 2?#. A toenailed joint consisting of four l6d
nails will sqfely resist a vertical pull of 450#. This
2
value may be obtained by using the equation P = lljO G D
as shown in "Y/ood Handbook" (25)•
The horizontal component of the resultant of conibined
wind and dead loads on the roof was approximately 680#.
Each of the plate joints must withstand one-half of this,
or 340#. As has been stated previously, this force may
be safely resisted by using four l6d nails. The over
turning moment is approximately 2100 foot pounds for a
70 M.P.H.wind.
The maximum horizontal shear at the neutral axis is
6Ctf/sq.". Since the allowable value varies from 120#/sq."
to l50#/sq,", this is of no concern.
Stress analyses of the ^6' and 40' barns
_S6' bafn. The same method of procedure used in
analyzing the 34' bam was used in analyzing the 36* bam.
No further discussion of the method used will be attempted.
Table X shows a summary of the moments, shears, and stresses
under dead load. These results are presented graphically
in Figure 12. Table XI summarizes the moments, shears,
and stresses for a rafter of constant depth, and Figure 13
represents the graphical presentation. A variable depth
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rafter was also analyzed. The moments, shears, and stresses
are shown in Table XII. These values are shown graphically
in Figure 14. The results of the structural analysis of the
rafter hinged at the mow floor are shown in Table XIII and
Figure 15.
40* barn. The stresses in the rafters of a 40* barn were
deter^nined for the same conditions of loading and construction
as used for the 34' barn. The moments, shears, and stresses
are summarized in Tables XIV, XV, XVI, and XVII, The graph
ical presentation of the results are shown in Figures 16, 17,
18, and 19•
Plans and Specifications
for the Glued Laminated Rafter
Plans
After having analyzed the rafters of a 3^* > 36' and 40*
barn, detail plans were drawn for rafters for barns of each
width. These plans are shown in Figure 20. Two diagrams are
shown for each rafter, (1) the rafter having fixed ends and
extending from the sill to the ridge, (2) the rafter having
hinged ends and extending from the mow floor to the ridge.
These plans also show the centers of curvature of each rafter
and the number of laminae at various points along the curve.
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A template for the construction of the "bent, glued,
laminated rafter has been designed and is shown in Figure 21#
The nailing blocks are placed 2* on centers on the outside edge
of the radius of curvature of the rafter. These blocks may be
fastened to a flat form constructed on 2" x 8", 2" x 10" or other
suitable material. A nailing block of the design shown in
Figure 21 has been found to be very desirable, because it leaves
ample room for nailing.
Specifications
Specifications for the construction of the bent, glued,
laminated rafter have been set up. These specifications may
be listed as follows:
Material#
1. Lumber to be stock length, No, 1 common, Douglas
fir or yellow pine
2, Clear pieces to be chosen for use in outside laminae
3» Defective pieces to be used for center laminae
4, All joints to be staggered in order to develop
maximum strength
Gluing,
1, Glue to be self-bonding, water resistant, cold water
casein mixed according to manufacturer's specifications
2, Glue line to be approximately 1" wide
3- Glue to be applied to one side of lamination, only
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Naillng.
1. 1st lamination to be nailed to nailing blocks with
4d finishing nails.
2. 2nd lamination to be nailed to first with 4d cement
coated box nails, 12" to 18" on centers. Additional laminae
to be nailed with 7d cement coated box nails 9" on centers.
3. 3rd lamination to be placed and back nailed with 7d
cement coated box nails 9" on centers
Bolts.
1. A 1/4-" bolt to be used 4" from each end
Rafters to be taken from form upon completion
Discussion of specifications
A brief discussion at this point willscplain why certain
specifications were made.
Number 1 coimnon, Douglas fir or yellow pine has been
specified as the material to be used. These are the two woods
most commonly used in frame construction and, therefore, they
can be purchased at most any local lumber yard. Number 1
common; lumber may be used to quite an advantage in this type
of construction. The glue used in the constnuction of the
rafters tends to help reduce the effects of the flaws found.
The maximum fiber stress in a beam occurs in the extreme
fibers. For this reason clear pieces should be chosen for the
outer laminae and, conversely, the defective pieces should be
-90-
placed near the center.
It Is not practical for the average fanner to construct a
rafter where the ends of the laminae are so constructed as to
form a tension joint. This will not be necessary if the Joints
are staggered in such a manner that no two in adjacent laminae
will occur within 2 or 3 feet of each other.
Casein glue has been recommended, because it is water
resistant and may be obtained at a very reasonable cost. It
may be mixed with cold water and it dries very quickly. Casein
glue possesses one peculiar trait wlilch probably causes it
to be used l^nproperly more than any other factor. When first
mixed, it has the consistency of a stiff dough. After standing
for a short time, approximately twenty minutes, it becomes
thin and readily usable. An inexperienced person will add
more water than necessary when mixing the glue and it becomes
too thin to use after standing for a few minutes.
The glue need only be applied to one side of each
lamination. By applying a strip about 1" wide, very little glue
is pressed out over the edge when the laminae are nailed to
gether.
There are a number of reasons for the specifications given
for nailing. If the first lamination be nailed to the nail
ing blocks with a 4d finishing nail, it makes possible the
removal of this nail upon completion and thus have no nail
points to clinch on the outer lamination.
-91-
Cement coated nails were recommended, because they in
crease the resistance of withdrawal 85 to 100 per center (25)
for about one month after driving. This is very desirable,
because it helps increase the pressure of one lamination on the
adjacent one, thereby producing a better glue joint.
The use of a 1/4" bolt, 4" from each end of the rafter has
been recommended for two reasons. They are:
1. The bolts fasten the laminae securely at the ends.
2. The bolts tend to eliminate the splitting which
occurs at the ridge end of the rafter.
If rafters of this type are to be made on the job, it will
be necessary that they be removed from the fonn immediately
upon their completion if the work is to progress rspidly, ,
Discussion of construction details
The three weakest points in a barn usiaally occur at (1)
the sill joint, (2) the plate joint, and (3) the ridge joint.
Details of the types of joints recommended are shown in
Figure 22. The sill joint shown was designed and tested by
Martin (19). This type of joint was found to be superior to
the other types tested. It consists of two 2"x2" triangular
kick plates nailed to the sill. The rafter is nailed with
four l6d nails. This same joint is recommended where the
rafter starts at the mow floor.
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Although the plate joint has been eliminated by using a
rafter continuous from the sill to the ridge, a detail has been
made to show a very desirable method of fastening the floor
joist to the rafter. A toothed ring timber connector is used
between the two members. The members are held together by a
1/2" bolt with larger washers on either end.
The ridge joint is constructed by nailing the rafters to
a 2"x8" ridge board. A l"x8" collar beam is placed under the
ridge board and is securely nailed to the rafter.
Glue will greatly increase the strength and stiffness
of all three of the joints; therefore, its use is recommended.
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Sm^ABX
1, The wind loss statistics were reviewed in order to i^ow the
magnitude and distribution of wind deunage,
2. The requirements of bam framing were discussed.
3« The determination of barn sizes was discussed.
4« The methods of detennining wind pressure were reviewed.
5. The internal stresses in curved members due to bending
were reviewed,
6. The shearing strength of glue was discussed.
7. The shearing strength of wood was discussed.
8. The use of a reasonable value for the allowable fiber
stress of wood was discussed.
9« The rafters for different width bams were analyzed under
the following conditions:
(a) Constant depth rafter, continuous from sill to ridge
with ends fixed
(b) Variable depth rafter, continuous froiri sill to ridge
with ends fixed
(c) Constant depth rafter extending from mow floor to
ridge with ends hinged
10. The bending moments, shears, and stresses for the condi
tions listed in 9 above were investigated#
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11. Plans of rafters for different width "barns were drawn.
12. A template to be used for the construction of the Gothic
arch rafter was designed.
13. Specifications for the construction of the Gothic arch
rafter were set up and discussed.
14. Construction details for barns embodying the Gothic arch
rafter were drawn and discussed.
-96-
CONCLUSIONS
!• The tendency for the ridge of the Gothic roof to sag may
be attributed to the following chief causes;
(a) Improper roof shape
(b) Failure to develop sufficient resistance to withstand
horizontal shear
(c) Ineffective use of materials in a wide shallow beam
2. Kails, when used alone in laminated construction, are not
capable of developing enough strength to withstand
horizontal shear.
3# A perfect glue joint between ad;lacent laminae is not
essential.
4. The bending moments caused by a 70 M.P.H. wind on the 34'
barn are as follows:
(a) A maximum bending moment of 1913 ft. lbs. is produced
when a constant depth rafter is considered as a fixed
end beam. It occurs at the mow floor on the leevmrd
side. The maximuBi fiber stress developed is
2592#/sq.".
(b) A maximum bending moment of 2312 ft. lbs. is produced
when a rafter of variable depth i5 considered as a
fixed end beam. It occurs at the fixed end beam. It
occurs at the mow floor on the leeward side. The
-97-
maximum fiber stress developed is 2312#/sq#"«
(c) A maxiramn bending moment of 2204 ft. lbs. is produced
when the rafter is considered a three hinged arch.
It occurs about 14' above the mow floor on the wind
ward side. The maximum fiber stress developed is
23l5#sq.".
5. The use of a variable depth rafter shows a distinct
advantage when the rafter extends from the sill to the
ridge and is securely fixed at the mow floor. A rafter
of this type is not feasible when the rafter extends from
the mow floor to the ridge.
6. The shear at the ridge is greatly decreased by using a
variable depth rafter. There is no significant differ
ence in the horizontal thrust at the ridge.
7. Joints in the laminae will not seriously affect the
strength of a laminated rafter if they are located in a
region where the bending moments are low.
8. It is possible to construct, on the Job, a variable depth
rafter that is structurally sound#
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APPENDIX 
Design of a Roof to Prevent Sagging 
Observations have shown that many of the earlier barns 
embodying the Gothic arch construction have had a tendency to 
sa,g along the ridge line. The structural analysis which fol-
lows was made in an attempt to show why such sagging occurred 
and to try to arrive' at a barn roof design which would pre-
vent such sagging. 
The barn shapes used in these analyses were (1) a shape 
recommended by earlier designers and (2) two shapes that were 
designed in order to prevent sagging at the ridge. The width 
of all barn shapes used was 36 1 • 
Earlier designers (27) recommended the use of five 
1 x 4's bent to the shape of an arc whose radius was equal to 
two thirds of the total barn width. The center of this arc 
was on the mow floor level. When a radius of two thirds of 
the total barn width was used, the shape obtained -was almost 
that of a semicircle as shown in Figure 23. 
The second barn shell used was a 36 1 barn. The rafters 
were made on the shape of an arc whose radius was 34'-011 • 
The center of the arc was taken on a line 2'-1011 below the 
mow floor. This barn shell had a very pleasing appearance 
-104-
and is shown in Figure 24.
The third T^arn shape was similar to that of number 2.
The first ten feet of the rafter length was made tangent to
an arc and the remainder of the rafter length was on an arc
whose radius was This barn shape is shown in Fig
ure 2?.
It is almost impossible to say that the sagging of a
roof is due to any one factor; however, it may be attributed
to at least four main factors. These are:
1. The shape of the arch
2. The cross section of the arch
3. The method of fastening the laminae together
4. The method of framing the barn
The following analyses using dead loads were made in
such a manner as to show what effect the shape of the arch,
the cross section, and the use of glue and nails had upon
the stresses.
The Effect of the Shape of the Arch
Theoretically, the catenary or "natural" arch is the
perfect shape for a self supporting roof, however, there
are a number of reasons why such a shape would be undesir
able. These reasons have been discussed previously. So
long as the rafter is made on the shape of an arc, it is
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impossible for the line of resistance of dead loads to lie
within the boundaries of the material. The more nearly the
desired shape approaches the shape of the catenary, the small
er the stresses due to dead loads will be« Before any
analysis can be made, certain assumptions must be made. In
the following analysis, it was assumed that the arches were
hinged at the mow floor and at the ridge. Such an arch is
statically determinate and the three conditions of equilib
rium may be applied in order to determine the bending moments,
shears and stresses. For convenience, each half of the rafter
was divided into ten sections of equal length# A number was
placed at the center of each section and the dead load was
applied at this point. The reactions were found graphically
as shovm in Figure 23, After finding the reactions, the
equilibrium polygon or line of resistance was plotted. The
bending moments, shears and stresses were determined and are
shown in tabular form in Table 18. Bending moment may be
defined as the product of a force times a distance. The
segments of the equilibrium polygon which lie between the
dead load forces represents the force or thrust. The perpen
dicular distance from this segment to the point corresponding
to it in letter and number represents the distance or
eccentricity; therefore, the greater the distance the equilib
rium polygon is from the center line of the arch, the greater
will be the stresses in the arch. Table 18 shows the results
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of the stress analysis of rafter number 1 which was constructed
of five 1 X4's. There are two fiber stresses shown in Table
18. The first is that due to bending, the second is that due
to direct stress. Direct fiber stress is e(iual to P/A where P
is the direct or applied force and A Is the cross section area
of the member. The direct, stress and the vertical shear were
found by taking the vertical and horizontal components of the
thrusts at the various points. The horizontal shear was deter-
VQ
mined by using the formula Sh=It where Sh is the horizontal
shear, V is the vertical shear at any particular point, I the
moment of inertia, Q the moment of the area about the neutral
axis, and t the thickness of the member at the neutral axis*
In order to have a fair means of comparison between two
shapes, the storage capacity was held as nearly constant as
possible and a different shaped rafter was used. There was ft
difference of 17 sq. ft. in the shape of No. 1 and No. 2.
The same assumptions were made and the same method of analysis
was used as in No. 1. Figure 24 shows the graphic analysis
and Table 19 shows the results in tabular form. This rafter
was also constructed of five 1 x 4's.
It is questionable as to whether or not a rafter with
two different radii or of one radius and a tangent could be
simple enough so that it could be built on the 3*^b5 however,
such a rafter was designed and analyzed. This rafter con
sisted of five 1 X 4's and was analyzed the same as the
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Table XVIII.
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Summary of Moments, Shears, and Stresses.
Arch lilade of Five 1x4's.
36' Barn
Horiz. • Bending: Shear :Direct Stress
thrust :Bending fiber : • ••
at crown :moment stress:Vert. J Horiz.: Fiber
Pt. # :ft.lbs. ii^/sa.": # • #/sa.": # #/sa."
A 108 : 0 0 : 108 •• 11.44:390 27.58
1 108 91.2 118.56: 76 « 8.05:360 25.45
2 108 :"288.33 374.82; 44 J 4.66:326 23.05
3 108 :-362.73 471.54: 17 1.80:293 20.72
4 108 :-348.33 452.82: 8 •• 0.84:257 18.17
5 108 :-272.55 354.31: 21 ; 2.22:221 15.62
6 108 :-171.00 222.3 : 22 •• 2.33:188 13.29
7 108 66.12 85.95: 18 •• 1.91:157 11.10
8 108 :+ 21.45 27.88: 5 • 0.53:134 9.47
9 108 ;+ 68.55 89.11: 12 •• 1.27:115 8.13
10 108 :+ 48.0 63.18: 34 •• 3.60:100 7.07
c 108 : 0 0 ^4 • 3.60:100 7.07
Width of section 3.625"; Depth 3.9"
Table XIX. Summary of Moments, Shears, and Stresses*
Arch Llade of Five 1x4*s.
Radius Equals 34'-0"
Center Taken 2' Below Mo?; Floor
Pt.
Horiz.
thrust
at crown
Sf
fr
A 99
1 99
2 99
3 99
4 99
5 99
6 99
7.
8
99
99
9 99
10 99
C 99
Bending
Bending: fiber
moment ; stress
ft .lbs.;
0
-122.1
-238.2
-246.2
-209.7
-128.7
" 27.3
+ 76,5
+135.0
+139.8
+ 74.25
_ 0
0
:-158.73
:-309.66
:-320.06
:-272.61
:-167.31
35.49
:+ 99.45
:+175.5
:+181.74
:+ 96.52
0
Shear :Direct Stress
Vert.:Horiz.:
±
M.
tr
59
52
23
0
15
19
25
8
6
26
47
iZ.
67^
5.51
2.43
0
1.59
2.01
2.65
0.848
0.636
2.75
4.98
4.98
:430
:388
:349
:310
;272
:232
:194
:160
:130
:1C5
: 84
: 84
Fiber
30.41
27.43
24.68
21.92
19.23
16.40
13.71
11.31
9.19
7.42
5.94
5.94
Width of section 3.625"; Depth 3,9"
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Table XX. Summary of Moments, Shears, and Stresses.
Arch Tangent at Mow Floor.
Horiz. : :Bending
thrust :Bending: fiber
at crown:moment : stress
Shear ;Direct Stress
Pt. # :ft.lbs.2 7r/sa ."
A 109 : 0 : 0
1 109 :+ 20.65: 26.85
2 109 :+ 17.6 : 22.88
3 109 :+ 7.7 : 10.01
4 109 63.0 : 8.19
5 109 40.15: 52.2
6 109 :+ 18.85: 24.51
7 109 :+ 75.75: 98.48
8 109 :+120.8 : 157.04
9 109 :+130.45: 169.58
10 109 :+ 65.4 : 85.02
C 109 : 0 : 0
Vert.
£
20
5
8
22
35
2
6
2
10
27
50
iQ.
Width of section 3.625";Depth 3.9"
:Horiz.
#
2.12
0.53
0.84-
2.33
3.71
0.21
0.63
0.21
1.06
2.86
5.3
5.^
:424:
:386:
:347:
:309:
:268:
:232:
:198:
:164:
:136:
:113:
; 96:
; 96:
Fiber
29.98
27.29
24.54
21.85
18.95
16.40
14.00
11.59
9.61
7.99
6.79
6.79
Table XXI. Summary of Moments, Shears, and Stresses.
Arch IJkde of Ten 1x2's.
36' Barn
Radius Equals 2/^ of Total Width
Horiz.
thrust :Bending
at crown:moment
:ft.lbs.
Bending:
fiber :
stress:
#/sa.":
Shear ;Direct Stress
Pt.
A 108
1 108
2 108
3 108
4 108
5 108
6 108
7 108
8 108
9 108
10 108
C 108
Vert.
£
0 : 0 : 108 :11.55 090
91.2 : 61.65: 76 : 8.13 :360
:-288,33: 194.91: 44 : 4.7I :326
:-362.73: 245.21: 17 : 1.82 :293
i-348.33: 235.47: 8 : 0.856:257
!-272.55: 184.24: 21 : 2.25 :221
i-171.0 : 115.59: 22 : 2.35 :188
!- 66.12: 44.69: I8 : I.93 :157
'1 ll'iP ^ ' 0-535:134+ 68.55: 46.34: 12 : 1.28 :115
+ 48.6 : 32.85: 34 : 3.64 :100
: 0 = 0 : ^4 : ^.64 :1 no
Width of section 1.75"; Depth 7.8"
:Horiz.:
'S/sa_ "• A
Fiber
#/sa."
287^
26.37
23.88
21.46
18.82
16.19
13.77
11.50
9.81
8.42
7.32
7.32
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preceding rafter. Figiire 25 shows the graphic analysis and a
summary of the moments, shears and stresses are shown in
Table 20.
Discussion of Results Obtained by
Changing Shape of Arch
The maximum fiber stress obtained from Rafter No. 1 was
471.#/sq. in. The maximum stress in Rafter No. 2 was
320 #/sq. in. and that in Rafter No. 3 was 169.58 #/sq. in.
Anyone at all familiar with the properties of wood will know
that neither of the stresses even approach a critical point;
however, these stresses are always present and it may be this
constant application of force which causes sagging. Each of
these three beams were approximately the same length. No. 1
was 31 feet long, No. 2, 34 feet, and No, 3» 32.5 feet.
Supposing that a straight beam of equal length had applied
to it the same load as was applied to each of these rafters,
the maximum deflection at the center of each beam could be
found. The following calculations will show the difference
in deflections.
-113-
Rafter No. 1
Length = 31' Maximum moment = 3^3 ft. lbs.
Equivalent uniform load per foot of length = 3*02 lb.
Total uniform load = 93*62 lb.
Maximum deflection at center = 6Wl^. where
3«4EI
W = total uniform load, 1 = span in inches
E = the modulus of elasticity and I the moment of inertia
max. = ?jg 9^.62 x C^72)3 = 2.18"
384 X 1,600,000 X 17.92
Total deflection = 2.18"
Rafter No. 2
Length = 3^* Maximum moment = 246 ft. lbs.
Equivalent uniform load per foot of length = 1.70 lb.
Total uniform load = 57*80 lb.
Maximum deflection at center = 5Wl^
El
A max. = ^ X •?7.8 x (408)^ = 1.78"
384 X 1,600,000 X 17.92
Total deflection = 1.78"
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Rafter No. 3
Length = 32.5 T/Iaxlmum moment = 170 ft. l"b.
Equivalent tiniform load per foot of length = 1.29
Total uniform load = 41.92 lb.
Maximum deflection at center = 5W1^
3S®
A max. = ? X 41.92 x (^90)3 = 1.12"
384 X 1,600,000 X 17.92
Total deflection = 1.12"
The preceding calculations were based upon the assumption
that each of the beams v/as a straight member where in reality
they were curved; however, the figures do give some idea as to
what will happen. A deflection of two inches may seem very
small for a beam approximately 32* long but since this deflec
tion will occur near the center, it causes much more than a 2"
sag along the ridge. The results of these calculations show
the effect of the shape of the rafter on the deflection.
As previously stated, the maximum fiber stress in
rafter No. 1 was 472 #/sq. in.. No. 2 was 320 #/sq. in. and
No. 3 170 #/sq. in. Due to change in shape alone, rafter
No. 2 showed a 32^ reduction In the stresses in No. 1. No. 3
showed a 64J? reduction.
Although horizontal shear is not of primary importance in
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a long, solid beam, It is well to discuss it at this point.
Horizontal shear may be defined as the tendency of the upper
half of a beam to slide upon the lower when the beam is loaded,
or in the case of a laminated rafter, for one lamination to
slide upon another.
As shown in Table 18, the maximvun horizontal shear for
Rafter No. 1 was 11.44 #/sq. in., for Rafter Ko. 2, 6.25
#/sq. in., for Ko. 3? 3-71 #/sq- in. These values seem very
low when one considers the fact that the allowable horizontal
shear value of wood usually varies from 110 to 150 #/sq. in.;
hov/ever, the method of fastening one lamination to another may
greatly reduce the horizontal shear value of a beam. The
specifications for building Rafter No. 1 recommended the use
of 4, 6 and 8 d nails 8" on centers and 3/8" bolts at 4'-0" on
centers. The maximum resistance that this method of fastening
was capable of resisting was approximately 7 #/sq. in. Since
there was 11.44 #/sq. in. shear developed in Rafter No. 1
and only 7 #/sq. in. to resist it, it Is possible that this
might also account for some of the sagging. In the case of
Rafters No. 2 and 3? 7 ^/sq. in. would resist the horizontal
shear but the safety factor would be extremely small.
Effect of Cross Section of Beam
Since the strength of a beam varies as the first power
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of the width and the square of the depth, it seemed that much
of the material in a rafter made of five 1 x 4's was being used
very inefficiently. By dividing the width in half, the depth
could be doubled and the strength of the beam would be greatly
increased without increasing the amoxint of the material. A
summary of the moments, shears and stresses are shown in Table
21 for Rafter No. 1, Table No. 22 for Rafter No. 2, and Table
23 for Rafter No. 3. The values in these tables were arrived
at in the same manner as previously discussed.
Discussion of Results Obtained by
Changing the Cross
Section
The cross section of each of the rafters was changed in
exactly the same manner so the maximum deflection at the
center of each beam would be less than that found in a rafter
of five 1 x 4*s; however, the deflection in Rafters 1, 2, and
3 would be proportional. The maximum fiber stress was
decreased approximately 4-8% in No. 2 and 3 due to change in
cross section.
It is true that a rafter of ten laminae would not be used
very often in the average barn; however, these figures indi
cate that the material is used much more efficiently in a
narrow deep beam than in a wide shallow beam.
Table XXII.
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Summary of Moments, Shears, and Stresses.
Arch Made of Ten 1x2's.
36 Earn
• O I 1
Horiz.
3-r •
•
• Bending: cI. hear :Direct Stress
thrust Bending: fiber : •• •
at crown monent : stress: Vert. :Horiz. • Fiber
Pt, # ft.lbs.: #/sQ.": t :#/sa."
n
: if v^/sq."
A 99 0 : 0 : 59 : 6.31 :430 31.5
1 99 -122.1 s - 82.54: ^2 : 5.56 :388 28.42
2 99 -238.2 : -161.02: 23 : 2.46 :349 25.56
3 99 -246.2 : -166.43: 0 : 0 :310 22.71
4 99 -2C9.7 : -141.75: 15 : 1.6 :272 19.92
5 99 -128.7 : - 87.00: 19 : 2.03 :232 16.99
6 99 - 27.3 : - 18.45: 25 : 2.67 :194 14.21
7 99 + 76.5 : + 51.71: 8 : 0.85 :160 11.72
8 99 +135.0 : + 91.26: 6 : 0.64 :130 9.52
9 99 +139.8 : + 94.50: 26 : 2.78 ;105 7.69
10 99 + 74-.25: + 50.19: 47 : 5.02 : 84 6.15
C 99 0 : 0 : 47 : 5.02 : 84 6.15
V'idth of section 1.75"; Depth 7-8"
Table XXIII. Smmnary of Momentsj Shears, and Stresses
Arch Tangent at Mow Floor
: Horiz. • •• • Bending Shear 2Direct Stress
: thrust :Bending: fiber • ♦« «
:at crown:moment : stress Vert. :Horiz.: Fiber
Pt, : # :ft.lbs.: #/sa." M.TT :///sa.": # #/sa."
A 2 109 : 0 2 0 20 : 2.14 :424 31.06
1 : 109 2+ 20.652 13.96 5 : 0.535:386 28.27
2 : 109 :+ 17.6 ; 11.9 8 : 0.856:347 25.42
3 109 2+ 7.7 : 5.21 22 : 2.35 :309 22.63
4 : 109 2- 63.0 2 42.59 35 : 3.75 :268 19.63
5 : 109 40.15: 27.14 2 : 0.214:232 16.99
6 ; 109 2+ 18.85: 12.74 6 : 0.642:198 14.50
7 I 109 :+ 75.75: 51.21 2 : 0.214:164 12.01
8 2 109 2+120.8 2 81.66 10 : 1.07 :136 9.96
9 : 109 2+130.45: 88.13 27 : 2.89 :113 8.27
10 : 109 2+ 65.4 2 44.21 50 : 5.35 : 96 7.03
c ; 109 . 2 0 2 0 50 2 5.^5 : 96 7.0^
Width of section 1.75"; Depth 7.8"
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Discussion of Results Obtained by
Changing Both Shape and
Cross Section
The maxlnrum fiber stress obtained by using a rafter whose
radius was two-thirds of the total barn width and made of five
1 X 4's was 472 #/sq. in* By changing the shape to that of
Wo. 2 and by changing the cross section as previously discussed,
a maximum fiber stress of 166 #/sq. in. was obtained. This
represented a 655^ decrease in the fiber stress. The maximum
horizontal shear value was decreased from 11.44- #/sq. in. to
6.31 #/sq. in. This was equal to a decrease.
When the shape of the rafter was changed to that of No. 3
and the cross section changed as in the preceding cases, a
maximum reduction In fiber stress of 81.3^ was obtained. The
horizontal shear was decreased 53-2^ due to change of shape
and cross section.
The Effect of Glue
Since no actual tests were made this year, the discussion
which follows is purely theoretical.
The maximum horizontal shear that had to be resisted by
rafters 1, 2, and 3 was 11.44 #/sq. in., 6.2? #/sq. in. and
5*3 #/sq. in., respectively. The maximum resistance offered
by the old method of fastening laminae together was approxi
mately 7 #/sq. in» As stated previously, this was not enough
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to prevent sagging in the case of Rafter No. 1 and it was
questionable in the case of Rafters No, 2 and 3- Cold water
casein glue has a shear value of approximately 450 #/sq. in.
By using glue of this type a factor of safety of 39 was
obtained for a rafter of five 1 x 4's and 46 for the 1 x 2*s«
Giese and Anderson (17) found tliat a rafter consisting
of five 1 X 4's glued was 3*5 times as stiff as the same
rafter not glued. They also found that the glue cost only
65 cents per 2 foot section of length of the structure. This
cost is exceedingly small when the increased strength and
stiffness is considered.
The Effect of the Loaded Hay Carrier
There may be some question as to Just how much load
should be assigned to each pair of rafters when the hay
carrier is fully loaded. It has been estiir.ated that the
maximum load of a hay carrier would be about 900 pounds.
This load would be distributed over at least three pairs of
rafters; therefore, each pair of rafters would have to sup
port a load of 300# in addition to the load of the roof. A
stress analysis was made on Rafters 1, 2, and 3. The
assumptions used were the same as in the preceding analysis.
Tables 24, 25, and 26 show the results of the analysis
for Rafters 1, 2, and 3 respectively. The maximum fiber
stress for Rafter No. 1 was 1627-6 #/sq. in. 1082.38 for
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No. 2 and 957*38 #/sq. in. for No, 3. (These figures also
indicate the necessity of obtaining the proper shape for a
rafter)• When one considers that the fiber stress due to hay
load would be due more to impact than static bending, the above
stresses aren't large enough to cause any trouble. It should
not be necessary to analyze the effect of combined hay and
wind load since it would be almost impossible to mow hay in
a high wind.
Snow Load on a Roof (Gothic)
Snow load varies with geographical location and with the
slope of a roof. A safe figure to use for design purpose is
25 #/sq. ft. of horizontal projection for roof slopes up to
20®; for each degree above 20®, one #/sq. ft. may De deducted.
In the following analysis, the above specifications were used.
It was assumed that each rafter was made up of five 1 x 4*s,
the only difference being the shape of the arc.
Rafter No. 1, having a very short radius, has less slope
than either No. 2 or No. 3> therefore, it must support a
greater snow load than either of them. A summary of the mo
ments, shears, and stresses for rafter No. 1 is shown in
Table 27, for rafter No. 2 in Table 28, and for rafter No. 3
in Table 29.
Table XXIV.
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Siimmary of Moments, Shears, and
Stresses for Rafter Ko, 1 iinder
Dead Load Plus the Loaded Hay
Carrier.
Horiz. •• ;Bending Shear :Direct Stress
thrust :Bending : fiber • •• •
at crown :moment : stress Vert. Horiz.; : Fiber
Pt. # :ft.lbs. : #/sa," # f?/EQ.": # : #/sa."
A 220 : 0 : 0 220 23.30:540: 38.21
1 220 : 363 : 471.9 185 19.61:512: 36.23
2 220 : 818 :1063.4 125 13.25:495: 35.03
3 220 : 1130 :1469.0 70 7.42:470: 33.26
4- 220 : 1252 :1627.6 27 2.86:440: 31.13
5 220 : 1237 :1608.1 10 1.06:407: 28.80
6 220 : nil :1444.3 38 4.02:373: 26.39
7 220 ! 915 :1189.5 55 5.83:340: 24.06
8 220 : 685 ; 890.5 66 6.99:310: 21.93
9 220 : 408 : 530.4 70 7.42:280: 19.81
10 220 : 145 : 188.5 70 7.42:255: 18.04
c 220 : 0 : 0 57 6.04:210: 14.86
Y/idth of section 3*^25"; Depth 3-9"
Table XXV. Summary of Moments, Shears, and
Stresses for Rafter No. 2 under
Dead Load Plus Loaded Hay
Carrier.
Horiz. » A• • Bending Shear :Direct Stress
thrust :Bending: fiber • •
at crown :moment : stress Vert. :Horiz.: Fiber
Pt. # :ft.lbs.t #/sa."
Ji
TT :#/sQ.": # #/sa,"
A 194 : 0 : 0 150 : 15.90:585 41.40
1 194 : 235.7: 306.40 128 : 13.46:550 38.92
2 194 ! 583.4: 758.42 82 : 8.69:515 36.44
3 194 : 766.0: 995.80 45 : 4.775485 34.32
4 194 : 832.6:1082.38 15 : 1.59:445 31.49
5 194 : 811.6:1055.08 12 : 1.27:410 29.01
6 194 ! 718.5: 934.05 28 : 2.96:370 26.18
7 194 : 569.0: 739.70 35 : 3.71:335 23.70
8 : 194 : 460.3: 598.30 38 : 4.02:300 21.23
9 i 194 : 220.0: 286.00 35 : 3.71:269 19.03
10 ; 194 : 68.5: 89.05 26 : 2.75:245 17.33
C : 194 : 0 : 0 94 : 9.96:170 12.0^
Width of section 3•625"? Depth 3'9"
Table XXVI •
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Siunmary of Moments, Shears, and
Stresses for Rafter No. 3 "under
Dead Load Plus Loaded Hay
Carrier.
Horiz. : :Bending: Shear :Direct Stress
thrust :Bending; fiber : • • #* • #
at crown:moment : stress: Vert, :Horiz.: : Fiber
Pt. # :ft.lbs.: #/sa.": :#/sa."; # : #/sa."
A 212 0 : 0 : 4^ ; 4.77:598: 42.32
1 212 : 81.05: 105.36: 53 : 5.61:560: 39.63
2 212 : 241.75: 314.27: 65 : 6.89:520: 36.80
3 212 s 434.65: 565.04: 75 : 7.95:480: 33.97
4 212 : 654.85: 851.30: 46 : 4.07:445: 31.49
5 212 : 736.45: 957.38: 15 : 1.59:410: 29.01
6 212 : 697.20: 906.36: 12 : 1.27:387: 27.38
7 212 : 608.10: 790.53: 30 : 3.18:344: 24.34
8 212 : 418.30: 543.79: 40 : 4.24:310: 21.93
9 212 : 238.90: 310.57: 42 : 4.45:282: 19.95
10 212 : 53-00: 68.90: 40 : 4.24:257: 18.18
c 212 2 0 : 0 : 110 : 11.66:180: 12,7^
Width of section 3*625"; Depth 3.9"
Table XXVII. Summary of Moments, Shears, and
Stresses for Rafter No. 1 under
Dead Plus Snow Load.
Ft.
A
1
2
3
4
5
6
7
8
9
10
c
Horiz. : :Bending
thrust :BendingI fiber
at crown:moment : stress
4 ;ft.lbs.! f/sq."
311.6
311.6
311.6
311.6
311.6
311.6
311.6
311.6
311.6
311.6
311.6
•^11.6
0 :
541.83:
1250.20:
1591.24:
1721.51:
1676.04:
1402.07:
956.23:
441.25:
10.45:
163.59:
0 :
0
704.379
1625.26
2068.61
2237.96
2178.85
1822.68
1243.09
573.62
13.58
212.66
0
Shear ;Direct Stress
:Vert.:Horiz.:
# ;#/sa."; ±
:311.6:
:257.0:
:172.0:
: 92.0:
: 22.0;
: 44.0:
:102.0:
:137.0:
:115.0:
: 33.0:
:102.0:
:102.0:
33.02:
27.24:
18.23:
9.75:
2.33:
4.66:
10.81:
14.52:
12.19:
3.49:
10.81:
10.81:
742:
722:
710:
692:
662:
626:
585:
532:
447:
360:
291:
291:
Fiber
52.51
51.09
50.24
48.97
46.85
44.30
41.40
37.65
31.63
25.47
20.59
20.59
Width of section 3.625"; Depth 3.9"
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Dlscussion of Results
The maxifflum fiber stress in rafter No» 1 was 2237 #/sq«
In, The maximiara stresses for rafters No. 2 and 3 were
663 #/sq. in. and 790 #/sq. in., respectively. Although the
stress in rafter No. 1 may not be critical, it is much
greater than the stress in rafters No. 2 and 3« Since the
mow area of all three barn shapes is practically the same, it
seems that there would be no question as to the inadvisabil-
ity of using a shape such as No. 1. The results of this
analysis also shov/ that when a rafter has the proper shape,
snow load causes no critical stresses at any point.
Framing Details
After having designed a rafter of the Gothic arch type,
one of the major problems is to use a method of framing
which will develop, as nearly as possible, the full strength
of the material# The framing details shown in Figure 26 have
been designed in order to get the most efficient use of the
material. Figure 26 also shows the method of varying the
storage capacity and foundation heights for different barns.
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Table XXVIII. Summary of Moments, Shearsj and
Stresses for Rafter No. 2 under
Dead Plus Snow Load.
Horiz. : :Bending Shear :Direct Stress
thrust :Bending: fiber «•
at crovm :moment : stress Vert. Horiz.: Fiber
Pt, # :ft.lbs.: #/SQ." # #/sa.": # #/SQ."
A 158 : 0 : 0 120 12.72 : 540 38.21
1 158 :+179.1 : 232.80 97 10.28:500 35.38
2 158 :+422.7 : 549.50 57 6.04:467 33.05
3 158 :+509.8 ; 662.74 27 2.86:430 30.43
4 158 :+508.7 : 661.31 0 0 :394 27.88
5 158 :+452.6 : 588.38 22 2.33:355 25.12
6 158 :+316.8 : 411.84 32 3.39:315 22.29
7 158 :+l5l.8 : 197.34- 34 3.60:278 19.67
8 158 :+ 4.? : 5.85 32 3.39:246 17.40
9 158 :-147.1 : 191.23 6 0.63:195 13.80
10 158 1-173.8 : 225.94 85 9.01:132 9.34
c 158 : 0 : 0 78 8.26:1^7 9.69
"Width of section 3*625"; Depth 3*9"
Table XXIX. Sumr'ary of Moments, Shears, and
Stresses for Rafter No. 3 under
Dead Plus Snow Load.
Horiz. : :
thrust :Bending:
at crown;moment :
Shear iDirect StressBending:
fiber :
stress:Vert
Pt. s jft.lbs.:
A 217 : 0 :
1 217 : 106.45:
2 217 : 261.55:
3 217 : 414.25:
4 217 : 607.90:
217 : 606.3O;
6 217 : 520.70:
7 217 : 322.37:
8 217 : 87.70:
9 217 : 100.65:
10 217 : 141.05:
c 217 : 0 :
0 : 38
138.38: 52
340.01: 60
538.52: 75
790.27: 40
788.19: 3
676.91: ^2
419.08: 52
114.01: 40
130.84: 10
183.36: 100
0 : 94
T?/idth of section 3.625";Depth 3.9"
Horiz.:
#/sq."? #
4.03:640
5.51:600
6.36:560
7.95:520
4.24:485
0.31:452
3.39:416
5.51:378
4.24:320
1.06:255
10.60:190
9.96:196
Fiber
#/sq."
-^5.29
42.46
39.63
36.80
34.32
31.98
29.44
26.75
22.64
18.04
13.44
1^.87
n-y
i.
k'
#
.»
:
J
i
-
•
•
»
- j#
s
i
*
«-
»;
=
t
l
«
l<
»
M
T
#
c
v
.
^
'
II
t
«
.*
U
.-
.
*
ti
e
*
M
't
t'
:a
rr
«
--
O
a
.s
"r
tC
'e
N
iV
B
U
-i
-'
•5
-»
i*
*
M
r£
*
'.L
i'
'"
-i
.-
O
-
•
t-
ii
if
tr
'f
ts
-.
•"
.'
.j
*
'i
.:
-.
'
•
'C
Q
U
M
io
»
rS
w
t'
,'
-.
»
'
r
jf
.
1
N
vt
-*
.
-
»
u
s
•
=
r
ii
«
'
•O
k
n
.A
tn
»
«
a
c
r
D
r
lA
ll
*
A
-.
-P
9
ts
rr
'2
N
m
--
'
-
^
fH
!_
}_
-.
Ja
ir
,
!'•
>
•&
•U
'-
IC
;-
V
'A
.L
K
.«
.
1
t
»
r^
t'
.
•^
'^
A
.-
-,
tt
s
•
t-
.O
C
V
.-
O
rr
T
^w
u:
..
-
«
i
•>
«
F
ig
u
re
2
6
.
C
o
n
s
tr
u
c
ti
o
n
D
e
ta
il
s
.
'L
n
.e
'l
'"
aA
W
«»
*
fc
H
a
c
i4
i
s.
4
-4
»
tH
I
.
-
/
4
A
«
U
a
U
L
3
X
tR
A
l.
I
IO
W
A
B
T
Jk
T
K
L
C
O
L
.L
Jt
4
tU
Jk
M
C
a,
.O
K
.
-.
'
a
m
;'
.
*
T
T
,:
>
-*
lA
rT
r:
.w
;5
E
T
A
-j
I
'B
C
O
S
T
W
t
-126-
CONCLUSIONS
As a result of the preceeding analyses, it is believed
that the sagging of the older type of gothic roof barns may
be attributed to four main factors. These are:
1. Improper curvature (shape) of rafter
2. Inefficient use of materials
3« Inefficient methods of fastening laminae together
4. Improper methods of framing barns embodying this type
of construction
The rafters used in the older barns were made in such a
manner that unduly large fiber stresses were set up due to
dead loads. The wide shallow beams first used did not allow
for the most efficient use of the material. The nails used in
fastening the laminae were not capable of developing enough
resistance to horizontal shear; therefore, each lamination
would slip on the adjacent one and allow some deflection at
the ridge. The fourth factor, methods of framing, is a very
important one and should be given due consideration.
Particular attention should be given to the means of fasten
ing joints and braces. It has been observed that in some
cases the rafters had a tendency to bow out during construc
tion, and unless dimensions were checked, the center of the
barn might be wider than the ends# If the builder will
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check dimensions when the mow floor joists are "being placed,
this trouble may "be easily eliminated.
